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INTRODUCTION 


Tiiii knowk'd.i^c of tlio jK)sirionsof the hodic's witli referen<'(‘ 

to the earlli enaldes tli(‘ ohserx'or on the terrestrial spliere, wlu'ii 
])ro\'ide(l witli suitable instrmnents. to aseiMtaiii Ids ])osition witli 
considerable aeiairaev by obserxations of th(*se bodies. I-iy means 
of ('ertain calculations ba.'^ed on s|)herical trigonometry, tlie latitude 
and loni^itnde can b(‘ ol)taine«l from tlie altitude and bearim; of such 
heavenly bodies as ma\- b(‘ availalde and suitable. Whilst the 
bearing' of the body has a certain importaiKa' in these caUailations, 
th(‘ altitude? and its measurenu'iit are th<‘ paramount conside'iat ions 
in the olxserwations. 

When a steady platfoini is axailabh', a com])aratively sim}de 
instrmnent lan lx* ])rodiiced to measure this altitude'. 1'he instrn- 
iTumt ('an be levellexl by means of cro.^.s-lex e'l bubble's, and tlu' an;:(l(? 
betvxeen this horizontal le‘\ cl anel the? body ('an be mcasure*d by 
suitable ^madnations in ('onjiiru tion with a si^htin;.,^ dexae'e'. The 
th.eodolite is an example of tin's type' of instrument. 

'I'lie mariner has always been very intere'sted in the (jue'slion 
of position lindin”, but tlie nature f)f the element on xx'hic'h he travels 
neec.ssitates the u.^^e' of an instrument of a desi.^n diflerent from that 
of the theodolite. 1'xvo })aths se'eine?ei to be open to the desii^ner 
when he entered into the cpiestion of producini^^ a. suitable' instrument 
for use at .sea: (i) the instrume'nt had to lx* so designed that it 
would indie'atc tlie liorizontal, no matter what the motion of the 
shi]) mi;;dit be; or ( 2 ) the instrument had to be* desi^med to measure 
the angle betvxcen some definite datum and tlie body, the obvious 
datum being the visible horizon. Early designs on the first of these 
])rinciples failed to attain to a .sutficient degree of acciirac x', and 
attention was turned to the second, 'I'he chief source of trouble 
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lay ill the fart that, in nrrlor to get accuracy, the observer had to sec 
both th(' horizon and body (‘oincidcnt and sininltaiieonsiy, a feat of 
considerable dihaailty in the early models. Finally, early in the 
i<Sih centiirw a. triu' relleciing instniinent was iiroduced whic h was 
the fore-runner of the modern marine sextant. 

Many attenijits ha\e bec'ii made to produ^'e an instrument whk'h 
would obviate tlie use* of the sea horizon as th(‘ datum, and most 
successful of these has bcxai the Inibble horizon. The marine 
navigator has long fc-lt tlic* need for an instrument whic'h will give 
him rea.sonably .accurate obscTvaticjns for u.se when sea horizon 
conditions are |K)or, and the demands of the air navigator have 
emphasised this. If an aircraft is operating .at very moderate 
heiglits ov(‘r the ocean, the percentage of days on which visibility is 
such that the* sea horizon is «‘lear enough for use is ver\' .small, and 
this is rc'ducecl muc h further as thci height of o|)er<ation is increased. 
'I'he use of the marine' sextant for air na\agation is thus precluded, 
unless the instrument is liiterl with some tyjH' of artilicial horizon 
and, as a re.snlt, an instrument of a very different design has been 
])roduced for air work. Oli.servations made in the' .air by means of 
such an instrument do not attain to the degree of acaairacy reached 
by those made with the marine sext.ant using the horizon as the 
datum, but as the rcajuin'ments of the air navigator are not as 
preci.sc' as those of the mariner, tlie instrument, with certain moditi- 
cations, ha.s been u.sed with marked suca'ess. dhe mariner faced 
with a c'lear sky but hazy horizon should be able to obtain very 
reasonable n'sulls from an instrument of this t\'])C‘, but when the 
horizon is plainly seen it is the most satisfactorv datum for the 
mariner. 

J'he possil:)ilit\' of inaccuracies arising in a single observation 
taken with a buliblc; horizon led to experiments in averaging devices, 
by means of wliic h the observer was relieved of the necc.ssity 
of reading each observation, the mean of :i given number of 
observations being read off directl>' at the end of the series. 
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The natural result of astronomical navi;^Mtion in the air was the 
j)rodiiction of “quick method” tables and diagrams and mechauii'al 
devi('es for solving the navigational triangle. The ]>robab]e reason 
for the comparati\’ely few existing types of mc'chanic'al de\'i('es is the 
great ac'curacy of workmansliip re(]uired in order to give tlie desired 
result, so that their production is not an e('onomii' ])ro])osition. 
A few of these devices will be described in later idiapters. 
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OLD INSTRUMENTS. 

The Astrolabe. — Tlie astrolabe is probably the earliest form of 
instrument designed for taking altitudes at sea, siu'h as the altitude 
of the pole, the sun, or the stars. It was invented In Mi|>parchu.s, 
160 H.(\, and sim])liJ\ed by Stoleiiig, 187 a.d. 

The common astrolabe consists of a large brass ring about 
15 inches in diameter, whose limb, or a ('()n\’enient j>art of it, is 
divided into degrees and minutes. Jt is lifted with a moveable 
label or index which turns ujKm the centre and carries two sights. 

To make use of the astrolabi* it is susj>ended on the thumb by 
the small ring at the top and turned towards the sun or heavenly 
bod>' so that the rays may pass freely through both the sights; then 
the index will cut the altitude on the divided ring. 

Gunter’s Quadrant. — (iunter’s quadrant, so called from tlie 
inventor, Edmund (iunter, consists of a (piarter of a circ le divided 
into 90'’ fitted with ]:)lane sights and a plummet sus[>ended from the 
centre. It also has a stercographic projection of the sphere on the 
plane of the ccpiinoctial, also a calendar of months next to tlie 
division of the limb. 

To find the sun's meridian altitude for any gi\’en day, lay the 
thread to the day of the month in the scale next tlie division, then 
the degree it cuts is the sun’s meridian altitude. 

To find the hour of the day, having set the bead which slides 
on the thread to the sun’s place in the ecliptic, observe the sun’s 
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<'»ltitu(le‘ l\v the quadrant, then if tlic l^ead be laitl over the same on 
the limb it will fall on the hour required. 

To tind the sun’s declination, brin.i; the bead to the sun’s place 
in the ecli])ti(', and move the thread to line of declination, when the 
bead will cut the dci^ree of declination. 

To lind the sun’s right ascension, lav the thread on the sun’s 
])lace in the cOiptic', and the degree it cuts on the limb is tlie right 
ascension. 

'To tind the sun’s azimuth, set the bead for time as above, observe 
the sun’s altitude, ()ring the bead to the (‘omplement of the altitude, 
and the position r)f the bead will give the azimuth sought among the 
azimuth lines. 

The Nocturnal. -The rux turnal was an instrument chiefly used 
at sea for determining time by the rotation of the stars about the 
j)ole. There are se\'eral kinds of this instrument, some of which are 
])roje('tions of the sj)lier(\ such as the hemisphere or ])lanisphere on 
the ])lane of the ('(juinoctial. 'J'lie seamen commonly used two kinds: 
the one adapted to the Pole Star and the first of the guards of the 
Little Hear, and the other to the Pole Star and the pointers of the 
(ireat Bear. 

'TIk' nocturnal consists of two circular plates applied over each 
other. 'rhc‘ great(‘r, which has a handle, is about 2i-inch diameter, 
and divided into twelve ])arts answering to the twelve months, also 
each month is divided into (‘very fifth day and in such manner that 
the middle of the hand corresponds to that da\' of the year in which 
the star inspected has tlie same right ascension with the sun. When 
the instrument is fitted for two stars the handle is made moveable. 
Tlie ui)per circle is divided into twenty-four equal parts for the 
twenty-four hours of the day, and each hour subdivided into 
quarters. These twenty-four hours are denoted hy teetli to be told 
in the night. In the ( entre of the two circular plates is adjusted a 
long index moveable on the upper plate, and the three pieces, two 
circles and index, are joined by a ri\'Ct, which is pierced through the 
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ccMitre with a Iiole 2 inches in diameter throiiji^h which the star is 
observed. 

To use the nocturnal, turn the upper plate till the longest tooth 
marked 12 is against the da\' of the month on the ii})per ])late, and, 
bringing the instrument near the eye, suspend it by the handle with 
the plane nearly parallel to the equinoctial, then, viewing the Pole 
Star through the hole in the centre, turn the index about till by the 
edge coming from centre you see the bright star or guard of the 
Little Bear, if the nocturnal is fitted for that star. Then that tooth 
of the upper circle under the edge of the index is at the hour of the 
night on the edge of the hour circle, which may be known without a 
light by counting the teeth from the longest, which is for the hour 
of twelve. 

Cross Staff or Fore Staff. — Cross staff or fore staff, an instrument 
formerly used at sea for taking the altitudes of the licavenly bodies. 
It is so ('ailed because the observer in using it turns his face towards 
the object. The fore staff is formed of a straiglit scpiare .staff of 
about 3 feet long, having each of its four sides sliding upon it of 
une(pial length, tlie halves of which represent the radii to the scales 
of tangents on the different sides oi the staff. 1'he lirst or sliortest 
of the.se vanes is called the lo cross or vane, and belongs to the 10 
scale or that side of the instrument on which the di\'isions begin at 
3'"’ and end at 10^. The next longer cross is ( ailed the 30 cro.ss, 
belonging to that side of the .staff where the divisions begin at 10'' 
and end at 30"’. The third vane is called the Oo cross, and belongs 
to that side where the divi.sions begin at 20"" and end at 60°. The 
last or longe.st vane is called the ()0 cross, and belongs to that .side 
where the divisi(ms begin at 30® and end at ()o°. 

The chief use of the instrument is to take the height of the sun 
and stars, and the 10, 30, 60, or (jo cro.ss is used according as the 
altitude is less or more; that is, if the altitude be less than 10'' the 10 
cross is used; if above 10’" the 30 cross, and .so on. 

The Back Staff. —Back staff, an instrument formerly used f(jr 



16 THE BOOK OF THE SEXTANT 

taking the sun's altitude at sea, so called because the back of the 
observer was turned towards the sun when he made the observation. 
It was sometimes called Davis’s (juadrant, from its inventor, Captain 
John Davis, the celebrated navigator, who produced it about 1590. 

The instrument consists of two concentric' arches of boxw-ood and 
three vanes. The angles subtended b\- the arch of longer and shorter 
radius are 30' and ()o' respcctivel>', making between them 90'' or a 
quadrant. The vane at the centre of the head of the instrument is 
( ailed the horizon vane, that on the 60'' arch the shade vane, and that 
on the 30*^ arch the sight vane. 

'I'o use the back staff, the shade vane on tlu' Go'" arch is to be set 
at an even degreie w'ith some altitude le.ss by 10 ' or 15'^ than the cenn- 
plemcmt of the sun’s altitude is judgc'd to be. The observer turns 
his back on the sun, lifts up the instrument and looks through the 
sight vane, raising or lowering the cpiadrant till the shadow of the 
upper edge of the shadow^ vane falls on the u])j)er edge of the slit in 
the horizon vane; then, if he can sec the horizon througli the said 
slit, the observation is exact and the vanes are rightly adjusted; 
but if the sea ap|)ear instead of the horizon the sight vane must be 
moved downward, or if tlie sky appear it must be moved upw^ards. 
The observer then reads how^ many minutes and degrees are 
cut by the edge of the sight vane, and to them he adds the degrees 
cut by the upper edge of the shade vane. I'lie sum is the sun’s 
distance from the zenith or the ('om])lemcnt of its altitude. 

The first true refiecting instrument w-as invented by John 
Hadley in 1730. The instrument consists of the following parts: — 
An octant or eighth part of a circle, the index, the speculum, two 
horizon glas.ses, and a .set of coloured shade glasses and tw’o sight 
vanes. The arc is graduated to 90°. 

The original pattern of this instrument was generally made about 
18 inches radius of mahogany or ebony with ivory arc. As time 
went on it was gradually' reduced in size, and with the exception of 
liie back sight by w^hich a back observation was taken and which is 
not now fitted, it is practically the same instrument as is generally 
in use at the present time. 



CHAPTER TI. 


PRINCIPLES OF THE SEXTANT. 

First Principle. — The angle of incidence equals tlie angle of reflection 
in a plane which contains the normal to the reflecting surface at the 
point of reflection. 



Let B and C represent the index and horizon glasses. 

E B F is the normal or perpendicular to B. 

C F is the normal or perpendicular to C. 

A B is the ray of light falling from the star on the index mirror B. 

B C is the path of reflection from the index mirror to horizon 
mirror. 

C D is the final cour.se of the ray reflected from the horizon 
mirror to the eye. 

Then by the first principle A B E~E B C 
and BCF:=^FCD 

Second Principle.— If a ray of light suffers two succes.sive reflec< 
tions in the same plane, by two plane mirrors, the angle between 
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the first and last direction of the ray is twice tlic angle between the 
mirrors. 

Tlien Al)(\ which is the angle between tlie first and last 
direction of the ray A B C D, is by geometry - 

ABC- BC D 
A B C 2 B B C 

BCD 2 BC F 

A DC 2 E BC - 2 BC F 

- 2 (E B C - B C F) 

-- 2 B F C 

— twice the angle between the mirrors. 

The ap|)li('ation of l/ic principles to the Air Sextant. 



M is a transparent mirror which can be pivoted about C in the 
vertical plane. 

E is the observer’s eye. 

1\ and Pg reflecting surfaces of prisms. 

B is a bubble formed in a transjiarent chamber. 
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W’hcn the instrument islield so tliat H P is horizontal, tlu' bubble 
will take up a position in the centre of its run. A ra\- of Ii;<ht will 
pass from //, be reflected by ])ass throu^^h the l)ubble, l>e reflected 
by P .2 throu^.di the mirror to E. A ra\- of lii^ht fnnn ,S will be 
reflected by the mirror to and wlien the mirror is (‘orrectl\‘ 
})Ositioned. tliis ray will be coincident with that which passes throui.;h 
the bubble chamber. The rays H P^ and SM are j):irallel if their 
mutual source is at infinity. The an^j^les .S and \ C E are eijual, 
r N being the normal to the mirror, and the angles being those of 
incidence and reflection respectively. If E is maintained in the 
same position, and th(' mirror is turned to position d/j. then .S' must 
be moved to X, in order tliat the ray of light may still appear 
( oincident with that from H when viewed from E. 

SCE >NCE 
S,C E ^ 2 A\C E 
- 2NCNy 

but the angle A' C A\ is the angle between the normals to the mirror 
in its two positions and is therefore the angle through which the 
mirror has been turned. Therefore, the angle through which the 
mirror is moved, N C is half the angle through which the source 
X has moved. 

A very important point arises when the .sextant, eitlier marine 
or air, is moved slightly in the plane of the light ra\'s. In the 
marine sextant the ray from the horizon will pass through a different 
part of the horizon glass and enter the telescope at an angle. The 
ray from the body to be ob.served changes its direction b>’ twice the 
angle between the two mirrors, and as these have not been moved 
relatively to each other this ray is still coincident with tliat from 
the horizon. The total effect has been to move the coincident 
horizon and body ra\'s slightly uj) or down. In tins case the differ- 
ence of the number of reflections in the index and horizon rays must 
be zero or an e\'en number. 

In tlic case of the air sextant this difference will depend upon 
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whether the bubble is seen directly from above or by reflection from 
below. In tlu‘ former case the difference should be an odd number; 
and in the latter the difference .should be either zero or an even 
number. 



CHAPTKR III. 


CONSTRUCTION OF THE MARINE SEXTANT. 

The Limb A. — The frame of the sextant is called the limb and 
is constructed of a bell metal alloy containing 7 per cent, of tin. 
In order to give rigidity to tlie framework, it is e.ssential that tlie 
limb should be incai)ablc of bending, as even a small llexiire wall 
produce large errors. The de.sign of the framework is therefore 
very important, and only those patterns .should be selected which 
ensure a proper rigidity. 

Idle tlirec circle, the diamond, the triangle, arc all well-known 
patterns of framework which have stood the test of time. Several 
instruments of the.se patterns have been re-tested at the National 
Physical Laboratory and have given the same errors all along 
the arc after 50 years of hard wear. 

Sextants are sometimes made of an allo\’ of aluminium for 
lightness, but that is not a great advantage, as a certain amount of 
weight gives .steadiness. Imiir pounds weight has been found the 
maximum for comfort in taking observations. 

The arc of the sextant on which the divisions are made is inserted 
in the sextant limb and the face turned flush. The arc is of silver. 
The dividing is arranged to indicate twice the angle through which 
the index bar and mirror are rotated; it therefore gives a direct 
reading of the angle measured and avoids having to multiply by 
two. 

The Index Bar B is of flat sheet brass, into one end of which 
the centre is fitted in a central hole and secured by three screws, 

and above which is fixed the index clip. The other end of the 
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index bar carries the lan.i^ent ^Tar U for movin;^^ the bar alt)np: the 
arc, and also the micrometer c^ear for reading the an^-L^le observed. 
This gear replaces the old tangent screw and clam]\ whicdi have 
practically’ disa])pcared from the modern sextant design. An 
index is provided on the index bar b\* means of whicli the whole 
degrees are read from the graduated arc. On tlie ]K'ri])iier\' of the 
arc are cut the teeth of a worm gear and the worm shaft carries a 
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graduated head which .shows the minutes of arc against another 
index. The mechanism is provided with a means of rapid movement 
in which the spindle is disengaged from the toothed arc. 1 lie 
teeth are cut so that one tooth corresponds exactly to one degree 
change of altitude, consequently the zero of the minute .scale on the 
graduated head is not affected by any ra])id movement obtained 
b\' disengaging the worm. 

Centre and Socket C.— The centre work of a sextant recpiires 
special attention. The centre socket of brass, after boring and 
broaching, is ground on a hard steel arbor, so ensuring a straight 
and clear round hole. 

The centre, which is of specially hard metal, is turned in a 
precision lathe nearly to a fit. It is then ground to a fit by means 
of line stone powder and finished with ])cn(:il dust. I he fitting hole 
in the limb for the centre socket also requires special attention. 
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The limb, after being turned, is tested on a true surface plate before 
the hole to receive the socket is turned out, tluis ensuring the 
axis of the hole being at a perfect right angle with the plane of the 
limb and that the index arm will move parallel to the liml\ 

The Index Glass and Clip D. — The index glass is a plane mirror 
with its two faces ground parallel and the one silvered. It is set in a 
brass frame fitted over the centre of motion of the inde.x bar. 
Its face is perpendicular to the plane of the instrument and an 
adjusting screw in the base of the clip protected by a cover provides 
the means of setting the glass perpendicular. 

The Horizon Glass and Clip E. — The horizon glass is a plane 
mirror with only one half of the glass .silvered, the other half being 
left clear for the direc t vision of the horizon. The clip c'onsists of a 
brass frame secureh* fitted to the frame of the .sextant with two 
adjusting screws at the base of the clip, one for adjusting the 
horizon glass perpendicular to the plane of the instrument, and the 
other for adjusting the horizon mirror parallel to the index mirror. 
They are fitted in such a wa\' that no ])re.s.sure is brought to bear 
on the glass. A light screen covers the adjusting screws. Some 
sextants are made with the adjusting sctcws placed on the back 
of the clip with brass covers, but this way is more awkward to 
adjust and is liable to put a torsion on the glass. 

Round “Silex” Mirrors. — The mirrors of new sextants are 
coated with pure metallic silver by a chemical dcix)sit process; 
tlie silver is then further ])rotcctcd by plating it with coj^per and 
again painting this with bronze i)aint. The.se mirrors are rectangular 
in shape, silvered all over as regards the index mirror, whilst the 
horizon mirror is silvered all over during its preparation and then 
part of the silvering is removed. Many sextant repairers still use 
the old process of ‘'silvering'* by the mercury and tinfoil process. 
Either method will do when a mirror requires silvering, but the 
sextant maker always prefers the real silver or so-called hard silver 
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process. The most active aii^ent causing deterioration of sextant 
mirrors is salt, consequently the sextant should be protected from 
sea-s])ray and carefully wiped after any exposure. Owing to the 
small s})acc between mirror and mirror frame which is provided for 
movement of the mirror when adjusting, spra\' which has found its 
way into this crevice cannot easily be removed and it is thus left 
to attac k tirst the protective ccjating and linally tlie silver which it 


guards. The most sensitive plac 
the mirrors and tlie “cul” or line v 



D 


es arc obvioush' the corners of 
i’hc?rc the silver has been removed 



s. E 


from part of the horizon glass, whic'h is by far the most sensitive. 
'I'lic obvious remedy was to jirevent the access of spray to the silver- 
ing, and the })roduc'tic)n of the across of spray to the silvering, and 
the production ct liermetic:ally sealed mirrors seems to have supplied 
the remedy. 'I'liese mirrors are silvered, c:opper-plated and painted 
with special resistaiu'e ])aint, and are then mounted in such a way 
that all access of air to the silvered and ])rotcctcd reflected surface 
is completely excluded, so that no spray can possibl\- get in to 
prodiic'e ill-effects. The.se mirrors are circular in shape to permit 
tlie use of tlu' special cell required to obtain the hermetic seal. 
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The cell or mount is in three i)arts, the base or hack plate, b\- means 
of which it is attached to the sextant, the rubber seal and the screwed 
cap. The rubber seal of the same diameter as the mirror is laid 
on the back plate and covered witli the mirror, silvered side down. 
The screwed cap is then screwed on to the thread on the back ])latc, 
so that the mirror is pre.ssed uf) a^^ainst tlie lip of the screw ca}> b\' 
the rubber seal. Little, if any, air can i^et past the (ontact of 
mirror and metal cap, and none at all can j)enetrate through the 
rubber seal to reach the silvering on tlie iindcT surface. As the 
rubber seal, to be efficient, must seal off the whole area on which 
the silver has been deposited, it is necessary to use a horizon mirror 
having its surface .silv'cred all over, and this results in the line of 
demarcation bctw'een true and rellected images being the arc of a 
circle instead of the usual straight line. This is objected to by some 
navigators, and further investigation led to the ])rodnt'tion of 
hermetically sealed mirrors having the normal straight cut. These 
mirrors are made by first iirejiaring a ( in ular ])lano-})arallel glass, 
and covering half the surface with silver in the usual manner but 
witliout an\’ ])rotcction. A second .similar unsilvered ])lano- 
parallel gla.ss is then cemented on to tlie silvered side of the first 
glass with transparent oyitical cement, sjiecial precautions being 
taken to keep both glas.ses ])erfectly parallel to each other. Such 
a mirror has the straight “cut” favoured by the navigator, whilst 
it is hermetically scaled against the action of the atmosphere hy 
the cemented covering glass. 

The Shades G. — 1'he sliadc screens are of large size to emsure no 
naked rays from the sun ])assing through the horizon gla.ss to the 
eye, which is important in making a clear observation. They are 
mounted in bra.ss frames attached to the frame of the .sextant in 
front of the index glass and behind the horizon glass, and consist of 
well .selected shades of neutral glass. 

The Telescope Holder H. — The telescope holder or rising piece 
consists of a bra.ss ring fitted in another collar with a square or 
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triari^iilar stem which slides u]^ and down in a socket fitted in the 
limb just opposite tlie horizon glass. The telescope is screwed into 
the first collar, wlncli is provided with two adjusting screws for 
setting the axis of the telescope parallel to the plane of the sextant. 
I'he collar and telescope can be raised or lowered by means of a large 
milled liead ] at the end of the socket, thus bringing the optical 
centre of the telesco|)e op|>osite an\' part of the horizon glass in a 
line |)arallel to the sextant plane. This is the arrangement by 
which relative briglitness of the reflected and direct image is regul- 
ated. The lirst c ollar is sometimes made with three segments of 
th(‘ thread cut out so that the telescopes can be (]uickly inserted 
with arc turn only. A sta\' or strut should be fixed from the tele- 
.scope holder socket to the hollow leg K in order to prevent errors 
arising from any pressure being put on the telescope or its .socket. 

The handle L is usually’ of hard wood, ebony or cocus, fitted at 
the back of the sextant. The best form is the bridge handle, which 
has a bridge with two screws for attaching it to the limb at each 
end of the handle. 

Sextant Case.-- A sextant case should be of well-seasoned wood 
polished inside and out. It .should be sufficiently large to take the 
.star telescope? focu.s.sed as well as the sextant with its index clamped 
to any division on the arc bctwc*en o" and ioo'\ The packings in 
the case should be secured with screws and include a camers-hair 
brusli and .screw driver. A bra.ss folding countersunk handle with 
hooks and studs and good lock is also provided. 

Dividing. — The most important o])eration in the making of a 
sextant is the cutting of the arc. This is done on a dividing machine, 
which consists of a large surface plate, revolve^d by an accurate 
micrometer .screw attached to a ratchet wheel and pullew The 
dividing point is fixed in a swinging arm mechanically controlled 
and so brought to the right cutting point both vertically and 
horizontally. 

The sextant limb is laid flat on the surface plate and centred. 
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Fig. 9.— SEXTANT IN CASE. 
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Great care is taken to ensure the back of the limb being per- 
fectly in contact all over the surface plate and it is finally clamped 
down at three or four points. The vernier is treated in the same 
way and tlie length is very carefully laid off from the arc of the 
sextant. 

The method of dividing recommended by the Commissioners 
of Longitude in lyby contains the principle upon which the dividing 
engines are constructed. Tt can briefly be described as setting 
off a radius which is a measure of a chord of 6o° on the circle to be 
divided, and by bisection and subdivision filling up the space between 
the ]:»rincipal })oints. Another method of dividing, known as 
stepj)ing, is sometimes employed. In this a chord of a number of 
<legrces, say i6”, is taken from the measured radius, laid off a 
number of times in succession, and filled in by bisection. 

'fhe arc of a sextant is usually graduated to divisions of lo 
minutes each, as the number of parts into which the section of the 
dividing circle recjuires to be subdividcxl is very great. To obtain 
this both methods are employed to ensure j)ractical]y perfect results. 

Errors of graduation in a .sextant may be described as of two 
kinds, regular or accidental. The regular errors arise from a want 
of coinc idence between the centre of the vernier and the centre of 
the graduated arc. These errors, which recur at regular intervals 
according to a periodic law, are not caused by defective dividing, 
but by defects in the titting of centre or socket, Jiowcver .slight, or 
by want of perfect flatness in the limb. 

Accidental errors, which follow no regular law, ma\^ occur at 
any given division, due to a peculiar strain in the limb or contraction 
of the sextant at that point. 

The errors of graduation or ecccntricit\’ of a sextant can only 
be found by comparing the various angles measured with the sextant 
with their known values found by some other means. This is 
carried out by the National Physical Laboratory at Teddington, 
where there has been lately erected a new system of collimators 
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fixed at various positions round a centred pillar, witli illuniinated 
wires to take tlie place of stars. 

The e(jualit\’ of the distances throughout tlie arc may l)e tested 
by successively ])lacin^^ the index of the vernitT in exact coincidence 
with each division of tlie limb until the last division of the vernier 
reaches the last division of the limb. The arc usually extends 
from to 130*’ or 140'-, and fi/i^ured at every it)"; each degree is 
marked by an outstanding line. In all the be.st instruments tlie arc 
is extended 5'^ to the right of zero in order to i>ro\ ide excess divisions 
for obtaining the index error. 

Dividing the Micrometer Sextant.- In the micrometer sextant 
where one tooth is the ecpiivalent of one degree of altitude, the 
dividing on the limb is used merely to count the number of com- 
plete revolutions of the micrometer scn?w, i.t\ the number of degrees. 
The accuracy' of the dividing in this case has no effec t on the accuracy 
of the measurements, but the instrument maker nevertheless 
divides this scale as ac(airatcly as he can for the sake of ajipearance. 

The divided head mounted on the worm shaft wliich measures 
the jiartial rotation of the worm is divided into minutes and is 
actually jiart of the measuring mechanism, and is therefore divided 
accurately. 

The Vernier, so called after its inventor, Pierre \’ernier, a h'rench- 
man who lived about 1630 (sometimes called a Nonius after the 
Portuguese, although the invention of the latter was different), 
consists of a .‘^mall arc concentric with the circle, and graduated 
into a number of divisions which occupy the space of n— i divisions 
of the circle. 

Then if r/ ~ value f)f a division of arc 

d' ™ value of a division of vernier 
(« — i) d -- nd' 

d' - '^“7 a 
n 

rr. I d 

11 


d-d' 
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d—d' is called the least count of a vernier, which is, therefore 

j 

^ d of t lie circle division. 
n 

Tlie least count of the vernier in sextants for a.stronoinical 
observations is usually to"', but for surveying work it can be made 
20" or 30". 

If d d' ~io" and the sextant arc is divided to 10 minutes, 

then n— , ~ bo divisions=io" and the length of the 

d—d 10 

vernier 59 divisions:- if 50'. 

In actual practice for clearer reading the \'ernier is extended hy 
using every other division on the an', an:l we get - 

2)1 -- 2 i)' 

2 ) 1 - J - if 50' 

To read off obsor\’ations on the \'crnier, note where the zero of 
the vernier is and read off the value of tlic nearest division of the 
arc to the right of it. Then run tin* eye along the vernier to the 
left until you find the vernier line whicli coincides with an arc 
graduation. This \'alue ( an he read from the vernier and added 
to tlie hrst reading off tlie arc. 

To read an angle on the arc of excess, read left to right the number 
of degrees and minutes on the arc between its zero and the zero 
mark of vernier, Head off the xernier as before and subtract 
from 10', add the differeiKe to the arc reading. If the \'ernier is 
tigured both ways this reading can be had without subtraction. 
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THE BOOTH BUBBLE HORIZON. 

The marine sextant is normally used in conjunetion with the visible 
horizon, whieli provides the datum from which tlie altitude of the 
lieavenly body is measured. The marin(^ navi.q:ator is prevented 
very frecjuently from obtaining satisfactory observations due to the 
fact that, whilst the bnd\’ to be observed is plainlx’ \asil>le, impaired 
visibility does not allow tlu' horizon to l)e st'cii distiiK'tlv enough to 
use it as a datum. Many d(?\ices were triecl in order to j)roihn'e 
some means of ensuring that the line of sight of the sextant was 
maintained truly horizontal whilst the observation was being made, 
and the Booth Bubbh; Horizon was tinallv prodm ed. 

If a spliere be filled with liquid and a small air bubble i)e intro- 
duced, the bubble will take u|) a position such that the dire<'ti.on 
of a straight line drawn from the centre of the sj)here to the centre 
of the bubble when it is at rest will be truly vertical. 

If a collimating lens be placed in the ( cntre of the s[>liere, tlie 
light rays jnissing through the bubble will be ])rojectod vertically 
downwards as a parallel beam, and these rays can be used as a 
datum in the same wav as tliose from the natural horizon. 

In the Booth Bubble Horizon the datum line is given by the 
rays passing from the centre of the bubble to the centre of the 
collimating lens placed at the centre of curvature of the bubble 
surface, and this \’ertical datum line is reflected by a mirror or 
prism rearwards and upwards at an angle of 43“ to tbc horizontal, 
and ])asscs through an iinsilvcrecl index mirror whicli is rotated 
about a horizontal axis to obtain coincidence of the bubble image 
and the object whose altitude is required. 



34 


THE J^OOK OF THE SEXTANT 


As explained in Chapter II, rotation of the index ^dass enables 
the anf^le between the object and the datum line of sight to be 
measured, and wlien, as in this case, the datum line of sight is 
\'ertical, tlie scale ( an be compensated to give tlic same reading as 
if tlie datum line of sight were horizontal. In the same way, a 
tilting of the instrument in the plane of measurement will not 
impair tin* coiiK'idencc between datum and object, provided the 
difhTeiU'c in the number of retlerdions is zero or an e\'en number 
vviuMi the bubble is viewed from below, or is an odd number if the 
bublde is viewed from above. 

In Fig. 10 /> is tlu' bubble; (' is the collimating lens having its 
optical centre at the radius of the ( urvature of the surface con- 
trolling the bubble; I) is the rellecting surfat e of a mirror or ])rism 
reflecting the ra\ s ui)vvards at an angle of 45 ' to the rear; M is an 
index mirror through which the rays pass to the eye. Ra\'s from 
the distant object 5 arc reflected from the mirror to the eye, and 
on their passage from the mirror to the eye coincide with those 
coming from the bubble system. 



Fig. 10. 
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If the whole swstem is tilted forward and downward by a small 
amount, B will move to making a line Ihroiigli /T to the <'eiUro 
of the collimating lens C trul>^ vertical as before, but the new vertical 
B' C will strike the rellec'ting surface /) at a diricreiit aiiglt' by the 
amount of the tilt, so that the ray reflected upw^irds to tlie rear 
will have been changed in direction by twice the amount of the tilt; 
it will then pass through tlie index mirror M and to the observer’s 
eye at Ex^e'. The index mirror M' which has been tilted wath the 
instrument will reflect the object as Ixdore, Init the relU'tdeil raws 
will differ in direction from the rays rellected before tilting by twice 
the angle of tlie tilt, so that they will again coincide with the rays, 
from the bubble retlected from the mirror I) and ])assing througli 
the index mirror M ; consequently the coincidenc e has not been 
im|)aired in an\’ w'ay by the small tilt. 

ff a reflecting mirror or prism is j>laced above the bubble in 
conjunction with a suitable collimating lens, the natural front 
horizon can be adjusted to coincide with the bubble, and a similar 
argument will show' that the coincidence between front horizon and 
the reflection of the celestial object is also unaffected by small tilts, 
if the correct number of reflections are employed. 

The bubble cliambcr of the Booth Horizon is constructed with 
a top and bottom of accurately ground and })olished glass, and 
the curvature of the top bubble lens is such that its radius is equal 
to the focal length of the optical .system. This ensures that if 
the sextant is held slightly out of tlie vertical, eitlicr laterally or 
longitudinally, the bubble will still take up a position on the vertical 
line betw'een the two mirrors; and as long as the reflected image 
and bubble remain in coincidence the observation should be accurate 
when the bubble is absolutely free from the sides of the chamber. 

The bubble chamber is equipped with an air compen.salion which 
permits the adjustment of the size of the bubble, according to the 
body to be observed. This also automatically maintains the 
bubble at a constant size under var\dng atmospheric temperature 
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changes. An adjusting screw with milled head is provided to alter 
the size of the bubble and exi)erience will tell the observer the l)cst 
size to use under different conditions. For solar observations, the 
bubble should be slightl\* larger than the iniagt‘ of the sun, whilst 
for star sights a .slightly smaller bubble will be better. 

The two lenses form a unit })ower telescope through which the 
true horizon can be viewed and used as tlie datum if it is desired. 
In daylight the bubble is illuminated by natural light, l)ut at night 
a small electric bulb can be inserted into the horizontal sight tube, 
for this jmrpose. 

The bubble is sensitive to one minute of arc* and on a steady 
platform observations to this degree of ac curacx' can be oldained. 
The motion on the deck of a ship will cause slight discre))ancies and 
it is advisable to take a .series of five or six observations and to use 
the mean of tlicsc in order to obtain satisfactory results. W'ith 
constant practice and experience, great accuracy ('an be attained, 
and on occasions wIkui tlu* s('a horizon is (lou])tful or obsi'un'd 
the bubble horizon is a gicat boon to tlie navigator. 

'Phe i^ooth Horizon is incorporated in a rniinber of air sexta.nls 
and ob.scrvers liaA'e o!)tain('(l e\('ellent results from the use of these 
instruments. 

It lias also ])ecn adajjted for attarhmeiil to the marine sextant, 
where it is jdaced in position on an extension in front of the liorizon 
glass by means of a screw with milled head. 

As de.S('ribed in ('ha]:»tcr IT, when the bubble sextant is fitted 
to tlie marine .^extant as an attachment it will be necessary to have 
an e\ en number of reflections, because tlie rays from the observed 
object are reflected twice, viz. at the index and liorizon mirnjrs. 
The o])ticaI construction of the Booth attachment is modified 
accordingly, and it then has the propert\* of being insensitive to 
small rotations in tlie vertical plane. In consc<jiience of this 
property the accuracy witli which it is placed in position on the 
sextant has no effect on the datum line to vvhicli the observations 
are being referred, and any .special precautions with regard to 
exact po.sitioning of the bubble attachment are unnecessary. 
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THE CONSTRUCTION OF AIR SEXTANTS. 

Tiiksi*: instrumonts are desii^iied for use in aircraft for tJic obser- 
vation of Jica\’enly bodies for ])iirposes of astronomical navigation. 
Due to the conditions under wliic li tliev are used, certain moditications 
in structural design will be found when they are compared with the 
marine type. 

A is a tran.sjxirent mirror which is rotated in the vertical plane 
about its shorter axis by a lever and cam. 

B is the horizon sight tube which admits a horizontal ray of light 
to the bubble chamber. 

C is a graduated drum which is read against an index for the 
ob.served altitude. It is graduated in whole degrees and 
five minutes of arc and is used in conjunction with — 

/) a .scale graduated in tens of degrees of arc. 

IS is a wooden grip by means of which the instrument is held in the 
left hand, 

/•' is a milled ring by rotation of which the illumination of the 
bubble chamber can be regulated. 

G is a wooden handle which is operated by the right hand to 
alter the position of the mirror and the reading of the scale 
drum. 

H is a set of three .shades for interposition between the sun’s rays 
and the mirror. 

K is a lamp for illuminating the scales at night, and operated by 
rotation into position over the scales. 

L is a lamp for illuminating the bubble. In daytime it is parti}' 
withdrawn from the sight tube, and when required for use 
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it is j)uslied home, the action of which completes the circuit 
and li.£(hts the lamp. 

Af is a milled head for producing a bubble and controlling its size. 

O, /^ (J, R, S, are rc.spectively watch holder, litting for same 
notepad, spring clip for battery suppl> ing currents for lamps, 
adapter for use w'ith an acx'umulator instead of dr\' batterx’, 
and sponge rul)ber face guard. Most of these accessories are 
not i^rovided with new instruments and they are found to be 
unnecessary. 



This instrument is i(lcnti(‘al with tlie Mark VUl as regards the 
oj)tical airangements, e.xcept that a telcsc()])c is incorporated. The 
telescope is carried on an arm whic'h <'an be moved to suit the 
recjuirements of the observer, and which can be turned out of 
use when not rciiuired. 

The instrument is provided witli two handles similar in shape 
to those fitted to the marine sextant, a marked improvement on 
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those of the Mark VIII. The movement of tlie ^Taduatecl drum 
and mirror is carried out by means of a milled knob on a small f^ear 
wheel, which in turn drives a lari^er gear wheel ii.xed to the drum. 
This enables the movement of the mirror to be made to a much 
liner degree than before. The dr\' battery is replaced by a socket 
provided with a plug which is connected to a battery hy means of a 
length of flex. Accessories such as notepad and watt h-holdcr ha\e 
been omitted. 

Averaging Air Sextant. — As stated in ('liapter \’, when observing 
with the bubble sextant in the air or at sea, it is necessarx’ to use 
tlie average of 5 or t) ob.servatirms. Hitlierto the ax iTagc' of these 
has been obtained In’ the pilot forming the necessary arithinetic'al 
sum, dividing by the number of observations. In the sextant next 
to be described this is done mechanically. 

In forming the average of a number of observations various 
moditications of the nic'tliod nia\' be employed. The usual wa\’ is 
to add the quantities together and divide by the numl>er of obser- 
N’ations; an alternative to thi.s is to divide each ob.servation b\’ the 
number of obserx'atioiis and add tlie quotients, the result being the 
same whichever method is ado]>ted. In the two methods just 
described, the wliolc of each observation has been drawn into the 
arithmetical work, althougli the variation between successive 
observations will probably be f]uite .small. The amount of aritlimetic 
can be considerabiv reduced by subtracting a constant <]uantity 
from each observation suflicientlx’ large to bring the residue of each 
observation to a relatively .small (juanlitx', and providing the 
constant quantity is again added at the end of the arithmetical 
work the answer will be the same. It is of no consequence whicli 
of the two methods above-mentioned is used. 

There arc thus four methods of finding the average of, say, half 
a dozen sextant obscT\'ations: (i) by forming the sum of the six 
observations and dividing by six; (2) dividing cacli observation by 
six and forming the sum of the (jiiotients; (3) subtracting a constant 
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<|uantity from each observation forming the average by summing 
and dividing, and finally, adding on the constant quantity sub- 
tracted: (4) subtracting a constant qiiantit\', dividing by six, adding 
the quotients and finallx' adding on the constant fiiiantity first 
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subtracted. Tlie answers in all four cases will be the same. The 
last method has been adopted in the construction of the Mark XII 
air sextant now to be de.scribed. 

The optical arrangements in this sextant are .similar to those 
of the Mark \TII and Mark VIIIa already described, but the 
mechanical arrangements and manipulation are somewhat different. 


THE coNSTRrrnoN of aik sicxtaxts 

The rotation of the mirror is carried out in two ways: ((/) 
tlmmgli ste])s corresponding to lo’ dilTereiu'es (d al1iiud('. by 
rotation of a plate on a lever; and (/>) by rotation of ilic lever alxnit 
a transverse horizontal axis by means of a mi('rometer screw. 

The first motion is obtained by mounting the mirror on a stain- 
less steel plate which is provided, on the opposite side, with three 
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Fig. i6. 

steel pins spaced 120° apart. A steel lever with an end of dimensions 
equal to that of the plate is drilled with three groups of holes on 
the same diameter as the circle defined by the three pins on the 
plate. These holes are 5° apart, and the groups are 120^ apart. 
Pins and holes are very accurately placed and the plate and lever 
can be moved by steps of 5° relativel}^ to each other, if the lever is 
disengaged and moved so that the pins engage in the next set of 
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holes. This results in a change of altitude of io° as the mirror is 
moved. 

The second motion is obtained from a micrometer screw piisliing 
the lever against a spring. Provision is made for reading tlic 
corresponding changes of altitude in degrees and minutes on a 
suitable scale. 



The three diagrams show the right and left sides and the rear of 
the instrument approximately in the position for observing. 

The averaging of six successive altitude measurements is carried 
out mechanically by transferring one-sixth of the altitude measured 
by the micrometer screw to a totaliser as each coincidence is being 
made, declutching the totaliser and returning to the zero of the 
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micrometer screw before starting to make the next coincidence. 
Geared to the clutcli mechanism is a shutter which cuts off the view 
of the bubble after the sixth coincidence has been made. The 
number of observations completed at any time is shown bn the 
counter dial. The sextant is provided witli engraved wheels 
showing the value of each single movement of tlic micrometer screw, 
which is utilised wlien taking single observations onlw A second 
set of wheels shows the average of the micrometer screw observations 
when taking a series of six. The number of steps of lo’’ used as 
the fixed quantity for each series or for any indi\'idual observation 
is shown on a si)ecial scale, and being a multiple of ten only requires 
the tenth figure to be written in front of the value of the single 
observation or of the a\'erage of six. without ])crforming any 
arithmeti('al work. 

The three diagrams sliow the right and left sides and tlie rear 
of the instrument apj)roximately in the ])o.sitiou for observing. 

A is the left handle. 

B is the right handle. 

C is the btibble ('ontrol nut. 

D is the rheostat and operating lc\Tr. 

E is the .shade arm. 

F are three shades arranged to pi\’ot as a group on the end of the 
shade arm; the centre .shade is fixed to the pivot, whilst the 
two outer ones can be moved to adjust the intensity of sliading 
as required. The shades can be moved out of the path of the 
rays entirely if desired. 

G is the mirror plate carrying the mirror in its mount and fitted 
with the three pins as stated above. 

FI is the lever jdate in which the .sets of holes are placed. It is 
rotated about a conical ground centre by a micrometer screw. 
/ is the scale graduated in tens of degrees to show the amount 
of mirror movement. 

K is an index against which the graduations on scale J are read. 

D 
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L is the knob used to change the relative positions of i)lates G and 
//; it is pushed in against a spring to free G from H by disen- 
gaging the pins from the holes, rotated into the reejuired 
position and released to allow the appropriate pins and holes 
to re-engage. In order to do this, the observer makes a 
rough coincidence of object and bubble with knob pushed in, 
and allows the pins to engage the nearest set of holes which 
place the object apparently below' the bubble. 

M is tlie fine adjustment knob w'hich drives the micrometer meas- 
uring screw. Normally, before making an observation, the 
mic rometer is returned to zero: in order to make coincidence 
the knob M is turned first in a counter-clockwise direction, 
thus apj:)arentl\* raising the object which has been placed 
below' the bubble by moving of knob L. The knob M is then 
moved in either direction to effect coincidence. 

N is a scale w'liich shc^ws the number of degrees through w'hich the 
mirror has been moved in excess of the movement made 
when the pins and holes were engaged. 

0 is a scale of minutes of altitude which w'orks in conjunction 
w'ith scale N . Thus, when the observation has been made 
the .sum of scales /, A" and O gives the observed altitude. 

P is a .scale whicli show's the value produced by the totaliser, when 
a series of six “siglits’' is being made of w'hich the mean is 
recpiired. 

Q is the lamp for illumination of the bubble, and is controlled by 
the rheostat D, 

R is the lamp for reading the scales. 

N is the switch for controlling the electric circuits; in its various 
positions it cuts off the current, switches on bubble lamp or 
switches on scale lamp. 

T is the horizon sight tube. 

U are two shades, one of plain -frosted glass, the other of dark glass 
for use as required. 
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V is the clutch lever by means of which the totaliser is disconnected 
from the micrometer screw. 

IF is the totaliser clearing knob by means of which the totaliser 
reading can be set to zero. 

X is a counter which indicates the number of observations made 
in a .scries. 

is a screen which covers the bubble collimating lens when a 
series of six observations has been made. 

Z is the batterv container. 



CHAPTER VL 


SEXTANT TELESCOPES. 

TKLKSCorES are divided into two main classes, astronomical and 
galilean. The astronomical telescope consists primarily of two 
lenses of the type usually known as positive; a positive lens is one 
which wall form a real image in the same wai\- as a burning glass or 
camera lens. The astronomical telescope is formed by placing two 
of these lenses at a distance apart equal to the sum of their focal 
lengths, and when a distant olqect is viewed through it the image 
is seen to be inverted. This type of telescope when used in ('on- 
junction with a se.xtant is known as the inverting or collimating 
telescope. Tt is a collimating telescope because crossw'ires can be 
placed to coincide with the image seen, and the wires can be adjusted 
so that ab.solute coincidence takes i)lace and no motion of the head 
wall then cause motion between the image and the crosswires, which 
are then said to be collimated to each other. 

The second main class of telescope, the galilean telescope, has a 
positive front lens as before in combination wath a negative eye-lens, 
the .separation being equal to the difference of tlieir focal lengths. 
The image .seen through a galilean telescope is erect and no cross- 
wires can be arranged to coincide with it. When used on sextants, 
this telescope is generally called the erect tele.scope or star telescope, 
although its ]^roper u.se is not for the observation of stars. 

A third class of telescope known as erect collimating is really 
a moditication of the astronomical tele.scopc by the addition of an 
erecting .system w^hich m:iy either be formed of lenses or prisms; 
apart from the fact that the image is erect its properties are the same 
as those in astronomical telescopes. In the actual telescopes. 
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most of the simple lenses that have just been mentioned are 
replaced by combinations of lenses in order to obtain better quality 
images. Tlie front lens, or the system replacing it, is called tlie 
object glass, and the e\'e-lens is usualh’ called the eye-piece. 

Object Glass. — All tlie i)arallel raws from an object which fall 
upon a sim})lc spherical lens cannot be brought to a single point 
focus in any case, but appear ill-defined and disfigured by coloured 
light. The.se defects are called spherical and chromatic aberrations. 
To render the telescope both aplanatic and achromatic, compound 
lenses are used in which the component lenses are made of glass of 
different degrees of refractive and dispersive power. One is a 
bi-convex lens of crowai glass and is that which is turned towards 
the object; the other is a meni.scus or concave convex lens of flint 
glass. By giving the four spherical surfaces of the component 
lenses suitable curvatures, both the sj)herical and the chromatic 
aberration produced by the crown glass lens arc very nearly corrected 
by the flint glass lens. 

Eye-pieces. — The e\'c-pie('es most commonlx’ used are of two 
kinds, the Huygenian and Ramsden. The Huygenian e\'e-])iece 
consists of two plano-convex lenses of crowm glass, the convex 
surfaces of both being turned towards the object. The first lens 
receives the converging ra\’s, coming from the object glass before 



they reacli the principal focus, and brings them to a focus halfway 
between the two lenses. The image formed at the focus of the 
second lens is distinctly visible to the eye behind it. 
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I he Ramsden eye-piece consists of two plano-convex lenses, 
but the plane surface of the lens nearest the object is turned towards 
the object. Tlie diverging rays from the image formed at the 
principal focus by the object glass are rendered less ilivergent by 
the first lens and parallel b\’ the second lens. This eye-piece is 
used where spider threads are j)laced at the focus of the object glass 
for the purpose of measurements. Threads are, however, often 
])laced in the focus of a Huygenian e\'e-piece merely to mark the 
centre of the field, as in the eye-piece of the telescopes of a sextant. 
Neither of these eye-pieces change the apparent position of the 
image which remains inverted. 
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Tn recent years a modified form of Ramsden eye-})iecc lias been 
used in conjunction with an object glass of larger relative aperture 
in order to obtain brighter images. This type of eye-j)iece, known as 
a Kellner, is a Ramsden eye-piece in which the eye-lens has been 
replaced by an achromatic pair. When constructed of suitable 
types of glass, this eye-piece gives a flatter image, better definition 
and greater freedom from colour. 

Achromatic eye-pieces designed to show objects in their erect 
positions usually con.sist of four lenses. The\' are chicfl}' used for 
land objects, as the great loss of light from the additional lenses is 
an objection to them for .sextant purposes. 

The lenses composing the eye-piece are fixed at the proper distance 
from each other in a separate tube, which has a sliding motion in 
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another tube, so that it can be pushed in or drawn out and thus 
adapted for different eyes. 

The eye-pieces or powers of the inverting telescope used in a 
.sextant arc usually 5 and 10 diameters and in the erect or star 
telescope 2, 3, and 4 diameters. These prf)vide a range of powers 
suitable and .sufficient for all changes of weather and object. 

In all star telescopes the object glass should be as large as 
possible and the larger it is the greater need of a suitable combination 
of lenses to render the telescope both ajdanatic and acliromatic. 

Binocular gla.sses are sometimes fitted to sextants and are very 
('onvenient for obser\’ing stars, but great care must be taken in 
fitting them in the collar as they are very liable to give errors of 
collimation. 

BRIGHTNESS OF IMAGES SEEN BY MEANS 
OF TELESCOPES. 

W hen an object is seen through a telescope, the brightnes.s of 
tlie image is found to vary according to the conditions and the 
telesco])e employed. This subject is of great importance to sextant 
u.sers, as the accurac}’ of the angles measured must depend to some 
extent on the ability of the ob.server to .see the objects defining the 
angle clearly and comfortably. 

In any telescope there are two areas where all rays traversing 
the telesco})e must pass, and these are known as the pupils of the 
telescopic system. The object glass is one of these areas and is 
called the entrance pupil, because all rays entering the tcle.scope 
mu.st ])ass through it: the image of the object glass formed bj' the 
eye-piece must also have the same property, and it is called the 
exit pupil. Telescopes differ according to the nature and position 
of the exit pupil; for example, the sextant collimating telescope 
with wires in the eyc-pioce has an eye-piece which produces a real 
image of the object glass outside the eye-piece between it and the 
observer's eye. When the telescope is held about a foot away from 
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the eye and jx)inted towards a window, this image can easil}' be 
seen as a bright circular area near the outermost lens of the eye- 
])iece and will move with the telescope. A little movement enables 
the observer to locate the position of the image (juite easily: tlie 
reality of its existence and its position can easily be demonstrated 
by catching it on a j)icce of fineh^ ground glass, or c\’en thin ])aper, 
on which it can be focussed in exactl\' the same way as the image 
in a photographic camera. 

When tlic same experiment is tried witli the non-collimating type 
of sextant telescope, wliich is easily recognised by its conical body, 
tlie bright circular image of the object glass is seen to lie witliin 
the telescope itself where it cannot be caught on a ground glass 
screen or piece of paper. Even if the lenses are taken out of their 
mounts and held in position by any suitable means , the image cannot 
be caught on a screen because the exit pupil is a virtual and not a 
real image. Tlic explanation of tliis may be found in optical text 
books. 

Tliis dihercnce between the two t\'pes of telescope, one having 
a real exit pupil external to the telescope and the other having a 
virtual exit pupil inside the telescope, affects the brightness of the 
image seen through it. In the lirst type with a real external exit 
pupil, the pupil of the eye can be placed so as to coincide with it, 
when, if the eye pupil is large enough, it will receive all the light 
entering the object glass. Tn the second type, in sextant practice, 
the pupil of the e>’e is smaller than the virtual exit pupil of the 
telescope, and will be filled by rays whose direction is very close 
to the optical axis of the telescope. As the eye wanders from the 
centre of the field of view towards the margin, the rays, after a 
time, will no longer fill the pupil of the eye, and ultimately will not 
even fill any part; the effect is a central field of uniform brightness 
surrounded by a zone of giadually decreasing brightness, which also 
gradually fades to absolute darkne.ss. J n actual practice the optician 
keeps the central field and part of the zone of decreasing brightness 
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onh’, off the outer part of tlie zone of decreasing 

brightness. 

Tin’s zone effect is not present in the collimating telescope, where 
all parts of the field of view are equally bright. 

The intrinsic brightness of the whole field of view of the collim- 
ating telescope and the central region of the field of view of the non- 
collimating telescope of the same magnification is the same when 
the lo.sses by reflection at the lens surfaces are neglected. The 
actual value of the magnification lias a great effect on the brightness 
of the image of a telescope; it will be sufficient to examine the case 
of the (‘ollimating telescojie and to remember that the central 
region of the field of the non-collimating telescope will be the same. 
Optical text books show that, when the tele.scope is focussed on a 
distant object, the ratio of the diameter of the entrance and exit 
pupils is equal to the magnification. Consider first that the tele- 
.scopc is ampl\’ large for its purjiose and that the exit pupil of the 
telc.scopc which coincides with the pupil of the eye completely fills 
the latter. Con.sidcr, also, that the telescope is used to look at an 
area such as the expanses of sea and sk}^ which arc divided by the 
horizon. Let the magnification be M. An area of, say of the 
.sk\’ will now be magnified M diameters and the light admitted b}’ 
tlie object glass as entrance pupil will be spread over as mucli 
.surface; the ])art of the exit pupil of the telescope utilised by the 
pu])il of the eye will be supplied by a corresponding part of the 
entrance pupil wliich has a diameter M times as large as the pupil 
of the eye and admits as much light; thus, although the telescope 
has spread the light over an area as large, it has picked up 
as much light as the unaided pupil of the eye would have done, and 
the magnified image will be just as bright although so much larger. 
A .small loss of light due to absorjition and reflection losses is 
inevitable and has not been taken into account. 

As the magnification increases, more and more of the available 
entrance pupil (object glass) is utilised until at last the exit pupil of 
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the telescope is the same size as the pupil of the observer’s eye, 
wliich occurs when the magnification is tlie ratio of tlic diameter 
of the object glass (entrance pupil) to the diameter of the pupil of 
the eye. When the magnification is increased still further, the 
entrance pupil of the telescope cannot become any larger, and there 
is a reduction in the diameter of the exit pupil to something less than 
that of the pupil of the eye, which gives the unaided eye an advantage 
in the brightness of the image seen. This illustrates one of tlie 
advantfiges of the modern sextant telesco])cs, such as the Lumex 
series, over the older types; because, owing to tlieir larger diameter, 
the magnification can be obtained without loss of brightness of the 
image. 

The above considerations of brightness of image apply to ol)jects 
having ap[)re('iable area: tliey do not apply to stars wliich do not 
appear any larger when seen through a telescope. In the case of 
stars, the larger the entrance pupil the greater tlie amount of 
light grasped and coiu'entrated in the point image, provided it all 
enters the pupil of the exe. The entrance pupil is limited by the 
diameter of the objec t gla.ss, so that, for a gixen diameter of object 
glass, it will be necessary to u.se as much magnification as is required 
to reduce the exit pupil of the telescope down to as small as or less 
tlian the pupil of the ex’e. 

From these considerations it is easy to derive the following 
working rules: 

To observe a star late at dawn or early at dusk, use as large a 
magnification as possible, because this will enhance the brightness 
of the point image of the star and reduce the brightne.ss of the areas 
of sky and sea defining the horizon. 

To observe a star early at dawn or late at du.sk, use a low magni- 
fication to obtain maximum (natural) brightness of the sea and sky 
defining the horizon and to avoid undue concentration of light in the 
point image of the star. 

The Lumex series of .sextant telescopes have been specially 
designed to take the maximum advantage of the.se rules. 
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THE USE OF MARINE AND AIR SEXTANTS, 

Till-: Marine Sextant, whilst primarily for use in observing the 
altitude of heavenly bodies, is readily adap)ted for use in measuring 
angles in an\' direction, when the angle to be observed is within the 
limits of the instrument. 

AMien making an observation of the sun the instrument is held 
by the handle with the right hand, so that the j)lane of the instru- 
ment is in the vertical plane passing through the sun, whilst the 
axis of the telescoi)e is directed at the visible horizon. The index 
bar is then moved along the arc. thus causing the index glass to 
rotate about its axis until the image of the sun and true horizon 
are roughly ('oincident. This movement is made by releasing the 
tangent s(Tew from the teeth on the arc by means of tlie cpiick 
release, and when rough ('oincidence has been made the screw is 
allowed to re-engage. The tine adjustment of coincidence? is made 
by means of the milled headed knob of the tangent screw, and the 
required limb of the .sun is then brought into exact contact with the 
visible horizon. 'I'lie angle is read in whole degrees by the arc gradu- 
ations and the minutes are read from the micrometer scale fixed to 
tlic milled knob. Shades are nearl>^ always ne('cssary to reduce the 
inten.sit>’ of the rays of the sun, and under certain conditions the 
horizon may also have to be shaded. 

When a star or planet is to be observed, a slight alteration in the 
method of obtaining the rough coincidence is generally necessary. 
The index bar is set at zero reading and the axis of the telescope is 
directed at the heavenly bodw It will now be .seen direct through 
the unsilvered portion^ of the horizon glass, coincident with its 
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reflected image in the silvered portion. Maintaining the latter in 
view in the horizon glass, the limb of the instrument is slowly 
rotated about its centre until the horizon appears in view in the 
unsilvered portion, the quick release being again used in making 
the movement. As before, the final adjustment is made by means 
of the milled knob. 

In order to bring the horizon to the star when sighting tiic star 
directh' as just described, it is necessary to hold the sextant inverted, 
i,c. with the limb above the index mirror and centre. 

During the day it may be necessary to adopt the .same method 
to “bring down” the moon as was adopted for stars, but at night the 
moon is usually bright enough to handle in the same manner as the 
sun. 

If the approximate altitude of an\’ body is ascertained by 
calculation or from tables, this is set on the .sextant, and when the 
liorizon is seen through the telescope the required body should be 
within the held of view. When observing planets by day, it is 
invariably ncce.s.sary to adopt this procedure, and, indeed, time is 
.saved if all stars are handled in the same wav\ 

Now that chronometers and time signals have rendered obsolete 
the lunar distance method of determining longitude, the sextant is 
no longer n.sed for this purpo.se. 

For the measurement of angles between terrestrial bodies, the 
procedure is similar to that for angles between two heavenly bodies. 
It is usually more convenient to hold the instrument “handle down” 
than “handle up”, .so if the two bodies to be observed are of similar 
distinctness the right hand one is “brought down” to the left, as 
in the case of two heavenly bodies. If, however, the left hand body 
is much more di.stinct, a better observation may be made by holding 
the sextant “handle up” and bringing it down to the right hand 
body. 

The mea.surement of vertical angles of terrestrial bodies is made 
in a manner similar to that adopted for altitude measurements. 
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In all cases, care must be taken to see that the instrument is 
held exactly in the correct plane; and to ensure that this is being 
done it is advisable to swing the sextant slightly, when it will be 
seen that the reflected image will appear to describe an arc, the 
arc just touching the datum line which is being used. 

(ireat care should be taken to focus the telescope accurately, 
to use the shades which will give the most favourable view and 
to ensure tliat accurate (^incidence is obtained, and if these points 
arc carefully observed satisfactory observations will result. 

The Gothic Sextant has been dt^signed for use either as an 
ordinary marine t\ j)e, using the visible horizon as the datum from 
which to measure the altitude of hea\’enl\' bodies, or by attaching 
an artificial horizon, for use when the horizon is not available. 
For normal use. the instnu'tions for handling the marine type 
hold good. If the horizon is not available, the bubble attachment 
is secured in place on an extension of the limb just in front of the 
liorizoii glass. 'Fho Booth Artificial Horizon is used, and this has 
been described in ri ])revious chapter. The bubl)le is produced 
in the chamber In' slightly tilting the instrument as if sighting at an 
elevation, and the control screw is gently screwed in until a bubble 
is .seen. When a suitable size has been made the instrument is 
shaken lightly, the bubble will then move clear of the side of the 
chamber and the control screw^ should be released. Tlic bubble 
can be reduced or removed by tilting the instrument down, screwing 
u}) the control screw some little way after feeling resistance, and 
releasing the control .sc rew gently until tlie bubble lias been reduced 
to the size de.sircd or has been removed; finally, tilt upwards and 
completely free the control screw'. The bubble must always be 
removed after use. 1'he prismatic telescope or the low-power 
inverting telescope arc the best to use with the bubble horizon, as it 
will be found that with the star telescope the light from the bubble 
may be cut off entirely. The prismatic telescope provides an 
upriglit image, whilst a little care is necessary with the inverting 
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telescope, to ensure that the two beams of light from bubble and 
object are seen equally. To do this the sextant is held as if observing 
and moved away from the body to about the extent of an arm’s 
length. On looking at, and not tlirough, the eye-piece, a circle of 
light will be seen. This is the Ramsden circle or exit pupil of the 
telescope through which all rays of light leaving tlie telescope 
must pass. The circle will be seen to be divided by a vertical line, 
which is the edge of the silvered portion of the horizon glass, which 
divides the two beams of light from the bubble chamber and object 
to be observed. The ])osition of the rising piece must be adjusted 
so that this dividing line divides the Ramsden circU; into equal 
halves, and it is thus ensured that the eye, when placed against the 
eye-piece, will receive both beams. By night, the diameter of the 
Ramsden circle will approximate to that of the pupil of the observer’s 
eye, and very little difficulty will be experienced in receiving both 
beams. But during daylight the pupil of the eye will be consider- 
ably less in diameter, and it may be necessary to move the eye slightly 
from .side to .side to obtain the po.sition whence both beams can be 
.seen. Tlie instrument must be held truly vertical when olxscrvations 
are being made, or an error .similar to that of collimation will arise. 
The ])Osition of the bubble up or down the centre line is not import- 
ant, always provided that it is completely clear of the side of the 
chamber. The motion of the .ship may cause the bubble to oscillate 
.slightly, and if this is seen to be the ('a.se a series of not less than five 
observations should be made, the means of the altitudes and times 
for the scries being u.sed. After a little practice the ob.server will 
attain to a considerable degree of accuracy and confidence, and 
whilst it is not claimed that the results will be as accurate as those 
made by use of the visible horizon, the ob.server will derive great 
comfort from the knowledge that he is enabled to obtain observa- 
tions at all times when a celestial body is visible, no matter what 
the jitate of the sea horizon may be. This sextant has a very 

complete specification, including double star prism and lenticular. 

E 
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riie Mark VUI Air Sextant is fitted witli the Bootli Bubbie 
Horizon, and the control of the bubble in this instrument, as in all 
air s('xtants mentioned in this work, is similar to that described for 
the (iotliic Sextant above. For sun observations the bubble is 
liglited naturall>’, the lamp bulb beiiij:; withdrawn from the horizon 
sii»lit tube. 'I'he instrunK'ut is held so tliat the si|.;ht tube is approxi- 
mately horizontal, and the eye is moved into such a position that the 
bubble is seen Ihrou^di ilu' transparent mirror, and the instrument 
is then moved until the bul)bh‘ is in the centn; of its run. By 
manipulation of the handle held in tlie right hand, the mirror is 
turned until the reflection of the sun is seen in the mirror in exact 
coincidence' with the bubble. I'he size of bubble for such an observa- 
tion will be slightl\' larger than tlie apparent size of tlie reflected 
sun, and the reading is made when sun and bubble are placed 
coTK'entric'ally. A suitable shade should be used to reduce the 
amount of light from the sun. 

When making ob.scrvations of .stars and planets, tlie sextant is 
held so that the celestial body is viewed b\^ looking upwards through 
the mirror. The instrument is held in this position and the mirror 
is turned by means of the handle until the image of the bubble is 
seen reflected from the under side. The bubble should be slighth’ 
smaller than for the sun observation, and the reading is made when 
the star is exactly in the centre of the bul)ble. The illumination of 
the bubble can be adjusted to .suit the rec|uirements of the observa- 
tion. by means of the knob operating the rheostat, and the success 
of the ()b.ser\'ation dej)end.s largely upon careful adjustment or 
relative strengths of beams from celestial bod}’ and bubble. 

If conditions are favourable, tlie liorizon can be used as the 
<latum for measuring the altitude of the body. The bubble is 
removed from the chamber, and the horizon is sighted through the 
bubble chamber. 'I'he body is “brought down” to the horizon and 
coincidence is made as with the marine sextant. 

With a little ])ractice, it is pos.siblc to obtain good observations of 
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horizontal and vertical angles between terrestrial objects, but unless 
tfie conditions of light and visibility are favourable the absence of 
a fairly powerful telescope makes it very difficult to pick up the 
objects to be observed. 

The Mark VHIa Air Sextant is operated in tlie same manner 
as the Mark VUI, except as regards slight dilterences arising out 
of modilications in construction. 

I h(? Mark XTI Air Sextant is held in the left hand w^hilst the right 
hand grasps the right handle and manipulates the controls as 
required. The bubble is formed and controlled as in the other air 
sextants, and two metliods of making the observation arc available, 
tliis is, by reflecting the sun or moon, or by viewing the stars or 
planets direct. The bubble is illuminated by switching on the 
switch and controlled by means of the rheostat. The bubble and its 
illumination having been adjusted, tlie line adjustment knob is turned 
as far as it will go in a c lockwise direction, thus setting the indica- 
tions at N and 0 to zero. The totaliser is cleared by depressing the 
clutch lever F and rotating the clearing knob W in a clockwise 
direction; the clutch lever is then released. Finally, set the counter 
X to zero by pu.shing the uj)pcr part of the milled edge in a forward 
direction. The instrument is now' ready for use. If it is desired to 
make a single observation, the instiaiment is held in the chosen 
observing position. Knob L is depressed by exercising pressure as 
convenient with the fingers of the right hand, the left hand being used 
to resist this. When the mirror plate pins arc freed from the holes, 
rotate the knob until approximate coincidence is obtained between 
object and bubble, then rotate knob slightly in a clockwise direction 
till the nearest group of holes is engaged by the pins w'hen the knob 
L is released. This will cau.se the object to appear to drop below the 
bubble, and if knob M is rotated in a counter-clockwise direction, 
the object wall appear to move towards the bubble again. Coin- 
cidence should now be made accurately by rotating knob M in 
either direction as required. Scale / is read for tens of degrees. 
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scale N for single degrees and scale O for minutes, the sum of these 
being the observed altitude. The value shown on the totaliser scale 
is not read. If a series of six observations of one body is to be made, 
the instrument is pre])ared as before, and the procedure for a single 
ob.servation is followed as far as making the accurate coincidence with 
the knob M. The clutch lever is depressed and knob M is turned 
in a clockwise direction as far as it will go, wlien the clutch lever is 
released. 7'his action returns the micrometer screw to zero, whilst 
the totaliser retains one-sixth of the first measured angle on its 
scale. Coincidence is again made by turning knob M quickly 
counter-clockwise and tlien carefully in the reejuired direction. This 
motion is conveyed to the totaliser and one-sixth of the angle is added 
to tliat alreads' on tlie totaliser scale. The clutch lever V is again 
dejiressed, knob M turned to zero, and the third observation is made. 
The complete cycle of ojierations is repeated until six observations 
have been made, wlien one-sixth of each measurement wall have been 
transferred to the totaliser and summed. This value, in di^grees 
and minutes, is jirehxed by the tens of degrees read from scale /, 
and the result is the average of the .six observations. It is not 
possible to take more than six observations inadvertently, if counter 
X ha.s been set to zero before commencement of the series, as 
instructed. On attempting to make a seventh observation the 
ob.server finds tlic bubble obscured by the cut off Y. 

In the ca.se of tlie above-mentioned averaging sextant, unforeseen 
circumstances such as cloud movement may pre\T.nt the com- 
pletion of the .series of .six observations. In this event, the value 
shown by the totaliser cannot be used before mathematical adjust- 
ment has been carried out. As was shown in a previous chapter, the 
totalising mechanism divides each angle measured by six and sums 
the results. Therefore, if the value shown after any number of 
observations is multiplied by six and divided by the number of 
observations made, the result will be the value to be added to the 
present angle in order to obtain the average altitude for the partly 
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completed series. Care must be taken to ensure that no movement 
of the totaliscr driving mechanism is made whilst the instrument is 
being reset for the second and subsequent observations of a series; 
if such a movement is made, the final reading will not be the true 
mean of the series. 

In all sextants fitted with the Booth Bubble Horizon, the 
bubble sliould be removed from the chamber after use, and the 
bubble control eased to take pressure off the air ('hamber. 

If electric lighting is fitted, the current should be carefully 
disconnected after use to avoid discharging the battery supplying 
the (‘urrent. 
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ERRORS OF THE SEXTANT AND THEIR ADJUSTMENT. 

The WDi'kin^^ parts of tlu* modern sextant, wJicther of marine or 
air t\'pe. may l)e classilied under three headings, namely, mechanicah 
ele('tri('a! and opti('al, and the success of tlie observx'r depends very 
largely upon the stale of adjustment of these parts. 

As regards tiic mechanical and electrical ])arts, little ('an he said 
in a general way exc(*j)t that the former should be kcjpt clean, free 
from moisture and lightl\' coated with thin oil, and that all eku'trical 
])arts should be kept in the good order and condition necessary for 
their individual jobs, liach make of instrument will have its own 
adjustments for these parts, and detailed instructions for these are 
])rovided with the instrument when sold. 

The Marine Sextant. The errors to which the o])tical parts arc 
liable are as follows; 

(1) 'riie index glass being not per})endicular to the plane of the 

instrument. 

(2) The horizon gla.ss being not perpendicular to tlic plane of the 

instrument. 

(3) 7 'he horizon glass being not parallel to the index glass when 

the index bar is at zero. 

(4) The axis of the telescope being not parallel to the plane of the 

instrument. 

(5) Prismatic effects in shades and mirrors due to faults in 

attachment and manufacture. 

(()) The centre of the arc being not coincident with the centre 

about which the index bar rotates. 

Tlie arc graduations being inaccurateh^ cut. 

U) 
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(t) This is known as the error of per])cndiciilarity, and tlie ray 
of light from tlie observed body is not reflected to the horizon glass 
in a plane parallel to the plane of the instrument. This necessitates 
the slight tilting of the instrument in order that coincidence with tlie 
horizon can be made and, as a result, the angle measured is not truly 
])erpendicular to the horizon. 'Jo test for this error, the index is 
placed about the centre of the arc, and the instrument is lield in a 
horizontal position with the arc away from the body. On looking 
obli(juely into the index glass, the true and reflected images of the 
arc should appear in the same straight line. If adjustment is neces- 
sary, this is ])rovided in the case of square mirrors by means of a 
small screw set on one edge of the back of the frame. W'hen turned 
this pres.sos against the back of the mirror, which is kept ii]) to its job 
by a spring cli]). Tn tlie case of circular mirrors, tliis mv.nm of adjust- 
ment is not provided, tlie base of the frame whicli IioMs tlie mirror 
being carefully filed to giv-e ])erfect ])er])endicularity wlien the 
mirror is fitted. 

{2) 'fhis is known as side error, and ])roduces an error similar tO' 
that i)ro(luccd by (i). I'o te.st for this method at night, the index bar 
is clamped at zero and a di.stinct, but not too bright, star is observed. 
When the tangent screw is moved a little on and olf the arc, the true 
and reflected images should coincide as they appear to pass. The 
sun, moon or any well-defined object can be used in the same manner 
during the day, or the instrument can be held in a horizontal position,, 
the horizon viewed in the silvered portion of the horizon glass, when 
it should form a continuous straight line with the true horizon 
which will be .seen to stretch away on either side. This latter method 
should not be employed if it is possible to use the former. Adjust- 
ment may be carried out by means of a screw set in the back of the 
mirror frame. 

(3) This is known as index error and produces an error due 
to the fact that the reflected ray of light from the index glass is 
reflected a second time in a plane which is not parallel to the original 
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ray when the index is set at zero. It is not strictly necessary to adjust 
this error, as it is easily determined and allowed for when reading 
the angle observed. To test for this error, the index is set very 
accurately at zero and the horizon or well-defined terrestrial 
object is observed. True and reflected images should appear coin- 
cident. At night a distinct star of second or third magnitude can 
be used, but under no circumstances must a near object be used 
or an error due to parallax will arise. If it is desired to adjust any 
error found, a second screw on the back of the horizon is provided. 

(4) This is known as the error of collimation and arises from the 
fact that the ray from the silvered portion of tlie liorizon glass is not 
received in a vertical j^lane which is parallel to that from the 
horizon. 'I'o test for this, the telescope provided with cross wires is 
used, and this must be placed in such a position that two of the 
cross wires are ]x.irallel to the plane of the instrument. A star is 
observed tlirougli tlie telescope and the index bar is i:)laced 3 or 4 
degrees on either side of zero, thus separating true and reflected 
images so that one ap])cars near the top of the telescopic field and 
the other near the bottom. By revolving the telescopic tube the two 
images are made to appear in contact with the same edge of the 
wires. I'he cross wires will then be parallel to tlie plane of the 
instrument. W’ith Ihc wires in this position, two selected objects 
arc selected \vhose angular distance is between 100 and 120 degrees, 
and the reflected image of one and the true image of the other arc 
brought into coincidence on the wire nearest the plane of the in.stru- 
ment. By changing the position of the sextant slightly, without 
moving the index bar, the coincident images should appear on the 
wire farthest from the plane of the instrument. If coincidence is 
not maintained, adjustment can be carried out by means of the 
screws in the telescope ring. If the images appear to separate, the 
screw fartliest from tlie sextant is slackened and the screw on the 
o]ipo.site side is tightened; if the images appear to overlap, the 
operation is reversed. This error will always cause the observed 
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angles to be too large and may become serious when measuring 
large angles. 

(5) Shade error is due to the fact that the two faces of the shade 
glass are not perfectly ])arallel. Each shade should be tested separ- 
ately by making an observation without the shade, and then with 
the shade; coincidence should not be impaired. If a combination 
of shades is likely to be used, these shouhl be tested in position. 
No means of adjustment is provided but the error may be ascertained 
by noting the reading without the shade and comparing it with the 
reading with the shade. The errors thus obtained should be noted 
for future use. A pri.smatic mirror will cause an error for which 
there is no adjustment provided, and Professor Chauvenet gives 
the following method of finding the error due to this cause: — 



Let w— index of refraction for gla.ss, then in Fig. 24 

sin. ()“ m sin. 0 j 
sin. w sin. Qi I 

If we put M “ the angle of prism, then 
90°— 0 — ^ f- M 
90°— 0^ ~ a — M 

or 01— zM 2. 

From the above, having 0, m, M given, we can determine or 
0^— o. From Equation i — 

cos. J (o + o^) sin. \ (o^ — o)=-m cos. J(0 + 0i) sin. -J (0^ — 0), 
whence by Equation 2 — 
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. w, s <'os. 1 (0 j 0^) 

sin. h U^ - i})—m sin. M i / , n 
- ' ' ros. I (o I o\) 

M being small il will be sufficient to take — 

1/1 V • ^'os. 0 

sin. i- (le— (»)— w sin. M — 

“ ^ ' cos. o 

1 )if a/ sin .- o 

or (e <) 2fuM se('. a V i— — r,- 

W/“ 

which may be reduced to 

o’ o - -2d/\/i I fm- -i) sec.- o 
put 

()i ( ) :- M 2 \/ 1 I (j - s(‘c .- ( > 3 • 

The error varies with o, and conse(|uently with the angle meas- 
ured. Let r c(|iial angle given by sextant. The w'hole error in the 
measured angle will be the diri'erence of the errors produced at the 
reading r and at the zero point of the sextant; at the zero point let 
o ■■- />. HeiK'e the error will be the difference of the values of 
lupiation 15, for o - Jr \ I* and o— B. If r^- true value of angle, 
then — 

r iM \\^i i q- scc.2 (hr i B) j sec.^/^j . . 4. 

m is 1.55 usually, q^- 1.4025. If Af— 10", Z^—io” and r~r2()'^, 
then r- r’—qi". 

The effect of the error is evidently less for small values of B than 
for large ones. Moreover, the smaller the angle B is, the larger the 
angle which can be measured by the sextant, for all reflection from 
the index glass ceases when o-^ 90'', and this value gives r— t8o°— 2/:^ 
as the limit of measures with sextant. 

The preceding investigation is confined to the case where both 
faces of the index glass are perpendicular to the plane of the instru- 
ment, but this is the ca.se in which the effect is greatest. The glass 
reflects from its outer .surface as well as from the silvered face. 
If the fa('.es arc parallel, the images reflected from the two surfaces 
will converge to the same focus in the telescope and ])roduce but a 
single image of the object. If the glass is prismatic there will be 
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two images; if the object is a star it will appear large or elongated. 
The best position of the glass, to examine this defect, is w'hcn the 
index is at the 120"' end of the arc. If the instrument is found 
defective in this respect, determine the error as follows: - Adjust tlie 
instrument, determine the index correction and observe a large 
angle between tw^o wTil-defined terrestrial objects. Now’ take out 
the index glass, turn it end for end, replace it, re-adjust tlie instru- 
ment, determine a new index correction: observe the same angle as 
before. Half the difference of the tw^o observations, each having 
been corrected for its index error, is tlie error caused by the prisma ti(‘ 
form of the index glass. Repeating the operation for \*arious sized 
angles we can form a table from which, by inteipolation, we can 
determine the error for any given angle. A prismatic form of horizon 
glass affects all angles the same, the index correction included, and 
therefore ])roduces no error in tlie results. 

{()) Centring error produces an error w^hich x’aries at different 
parts of the arc and is due to an error in manufacture. No means of 
adjusting for this error is provided. 

Mr. T. P. Baker gives the following excellent exjilanation of 
centring error: --- 


A 
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“Suppose A is the centre of arc and C the centre round which 
the arm rotates. P is the position of the vernier zero. 

Then if Z is the zero the readiiif^ is 2 P A Z, but the angle rotated 
through by the arc is P C 7 , and the true reading, being twice the 
rotation from zero of the moveable mirrors sliould be 2 P C Z. The 
reading is therefore too great by 2 P C Z—2 P A Z. 

=2 { (P DZ -C PD) (PDZ-CZ A) ;■ 

- 2 (CZA-CPA) 

Now since sin. C Z A sin. C A Z 

and sin. C P A — ^ sin. C A P 

so tliat 2 {CZ A -- C P .4)^- ^ ^ (sin. C A / - .sin. C P A) 


since C P and C Z are very nearly’ equal and C Z A and C P A are 
both small angles. 

If the centre, C always remains the same point in all positions of 
tlie arm, then we can look upon the first part of this error, viz.: • 


C A 

2 7r~p~ ^^in. (■ A Z as a j)crmanent error which can be convenientlv' 

(C I f 

included in the index error, and we can then say that the centring 
error is proportional to the sine of the arc P Q, 

This variable j)ortion will therefore vary as a curve of sines along 

C 4 

tlie arc, having zero value at the point () and A maximum z p 
at a point go'" away from Q or 180"" if we speak of the difference of 
sextant readings, since these are cut on a scale of one-half. Tn a 
sextant of 7“ radius the maximum error would be as much as 10“ if 

'y 

~C .4 — sin. io“; that is to say, if C A were about .0002 of an inch. 
At the same time it should be noticed that if the line Q C A fell 
about the middle of the arc, the maximum error possible could only 

2 

amount to C A sin. 35°, so that in such circumstances C A could be 

7 


as much as .003 inch in order that the centring error should never be 
greater than io“. 
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Centring Error. — The eccentricity of the centre can he found 
for the various angles of the sextant by measuring the distances of 
well-known stars and comparing them with the apparent distance.s 
computed from their right ascensions and deductions. 

Professor Chauvenct gives the following equations: — 

Let Z ~ sextant reading. 

A” ~ the index correction suppo.scd to be unknown, 
the true value of measured angle. 

c — eccentricity and E constant for sextant and 
putting N - Z. 

n x-\-2e cos. E sin. \ Z'^+ie sin. E cos. 1 Z. 

To find the three unknown (piantities x. 

2 e cos. E and 2e sin. E, it is necessary to have three equations 
derived from three angles falling in different parts of the arc, for 
cxam})le, near o^, bo'" and 120'’. The error being found for 
certain places on the arc, the correction for any angle may be 
obtained. 

Index Error. — This may be determined by viewing the sea 
horizon by the sun or by a star. 

(i) By the Sea Horizon . — Hold the sextant perpendicularly and 
using the telescope, bring the direct and reflected image of the 
horizon into exact continuation of each other. The reading on the 
arc is the index error, positive on the arc proper, negative on the arc 
of excess. The index error is applied with the contrary sign. 

By the Sun . — Clamp the index at 30' on the arc proper, lix the 
inverting telescope, hold the sextant horizontally, bring the right 
limb of the reflected sun into contact with the left limb of the real 
sun, observe the reading on the arc. Clamp the index on the arc of 
excess and repeat the operation, observe the reading oji the arc of 
excess. The reading on the arc proper is marked -f and the reading 
on the arc of excess—. Take the algebraic sum of the two readings 
and the result is the index error with its proper sign. 

By a Star . — Bring into coincidence tlie direct and reflected 
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image of the star. 'ITie reading on the are proper or the excess will 
be the index correction to be applied with the contrary sign. 

Bublle Sextant. — Tlie errors of the bubble sextant or air sextant 
are of the same nature as those of the marine sextant just described. 
Index error will, of course, be of the same nature as before, and so on. 

4'here is one error peculiar to the l)iibblc sextant which requires 
special mention. It has been shown that making the coincidence 
with the bubble disj)laced in the plane in which the measured angle 
lies produces no effect as in the ('ase of the ordinary sextant. A 
displacement of the bubble sidewa\’s or at right angles to this plane 
when making the coincidence involves making the measurement in a 
plane sligljtly inclined to the plane in which it is suppo.sed to be 
made, with the consequence that the angle observed is larger than 
it would be if measured in tlie j)roj)er plane. This error is seen to be 
very similar to the collimation error of the marine sextant. It differs 
in one important respect — that it is not due to any defect in the 
instrument, but to the observer not holding the sextant correctly 
when obser\'ing. 

In general, the errors of the bubble .sextant do not receive such 
<'Iosc attention as those of the marine sextant, because the accuracy 
aimed at is not so high. In the case of the marine sextant an accuracy 
of lialf a minute of arc in the angular measurement is demanded by 
the keen navigator, while with the bubble sextant the average of 
half a dozen observations in the air is liable to an uncertainty of 
id)out two minutes of arc or more, owing to the effect of casual 
accelerations on tlie bubble. It is for this reason that the errors of the 
l)ubble sextant are most frequently ignored, as in good instruments 
they are knowai to be below this value, i'he error due to sideway 
displacement of the bubble when observing may quite easily 
introduce errors in excess of this value, and in the case of 
high altitudes they may become (]uite large; it is therefore most 
important to guard against this error. 



CHAPTER IX. 


MODERN SEXTANT ACCESSORIES AND NAVIGATION 
INSTRUMENTS. 

The ste.idy imi)r()venit*nl in sextant design has been a(:c<)in])ani<*d 
by ettorts on tlie part of the scientist to ])roducc appliances for use 
when making observations, whicli will render the results as perfect 
as possible. Under favourable conditions, the sextant in its present 
form should give all that can be desired of it, but the frequent 
recurrence of conditions whicli are not favourable necessitates the 
n.se of some auxiliary appliance which will wholly or partly overcome 
this. The marine navigator of the past had to depend upon the sun, 
moon and stars at dusk and dawn for his observations, and he 
was frequently deprived of the opportunity by poor visibility. The 
rapid improvement of the bubble artificial horiztin has gone a long 
wa\' towards making the olxscrvations less dependent upon good 
horizon conditions, and this has already been dealt with in jirevious 
chapters. 

The Lenticular is a cylinder lens fitted between the index and 
horizon glasses to intercept the star and draw the image out into a 
line or band of light parallel to the horizon, thus ensuring that jierfect 
coincidence is made. The index error of the lenticular, if an\o 
can be found by making an observation of a star in the manner 
described in the chapter on sextant errors. 

The Wollaston Prism is a pair of cylindrical prisms in tlie form of 
two wedges, with sufficient difference in thickness or refractive 
index to form two distinct images of the observed star. One is 
moved a little above the correct line and the other a little below, and' 
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in conditions of liazy Jiorizon, a much more accurate coincidence 
is made by observinf^ the horizon between the two images. The 
prism is fitted between the index and horizon glasses. 

The Double Star Prism is similar to the Wollaston prism but is 
less expensive. 

The MacKenzie-Nicol Prism is designed to obviate the glare of 
the horizon when the sun's altitude is low. It acts as a polariser 
and is fitted in the inverting telescope on the object glass side of the 
diaphragm. It is so placed that, when the telescope is screwed home, 
tlie polarising plane of the prism is parallel to the plane of the 
instrument, and con.sequently perpendicular to the plane of the 
horizon when the sextant is in po.sition for making observations. 

The Sextant Stand is used for shore survey work only, as the 
accuracy of observations is grcatl>' increased when the sextant is 
fixed so that it is held steady in any desired plane. 

The stand consists of a vertical brass |)illar, supported by a 
tripod standing on three adjustable .screw legs, the points of which 
rest on the ground or table on whicti the stand is placed. The head 
of the stand consists of a cap fitted on the top of the pillar, carrying 
a stout cross bar with two brackets, in which the horizontal axis 
turns. Attached to each end of this axis are the counterpoise weights 
and in the middle of the axis is fitted the spindle which carries 
the sextant. In the improved forms, the counterpoise weights 
can be adjusted to any weight of .sextant, and the horizontal axis 
is attached to a circular ba.se plate which can be clamped and slow 
motion imported to it by a tangent scrcw\ 

The Quintant, Sounding Sextant and Double Sextant are 

instruments used for survey work. 

The Quintant. — Instruments capable of measuring up to 144^ 
are termed quintants. After 120° in an ordinary sextant the relation 
between the index and horizon glass becomes such as to render 
observations impracticable. By placing the telescope holder close 
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up under the index mirror and shifting the horizon glass to the 
extreme end of the arc so as to make the angle formed by the centre 
line passing tlirougli both mirrors and that passing througli tlie 
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horizon glass and the axis of the telescope as acute as j)ossible, the 
index bar is given a freer range and a larger angle can be measured. 

The index and liorizon glasses are very successfully fitted on 
the ])ack of the instrument and the legs in front, that is on the side 
of the arc, this lieing a great convenience in setting down or taking 
up the instrument and also allowing of the magnifying arm being 
fitted at the same centre as tlie vernier. This instrument is specially 
adaj)ted to artificial liorizon work and measurements of large angles 
generally. 

Sounding Sextant. — This is a special form of sextant for use in 
.surveying. It chiefly differs from the observing sextant in being 
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generally lighter and handier; in having the are cut only to minutes 
and in having a very large telescope. 

The index and horizon glasses arc made very large and the shade 
frames omitted. A shade head and blank head are supplied with the 
sextant. 



Fig. 28. SOUNDING SFXTAXT. 


The illustration shows a pentagonal ])rism fitted in front of the 
telescope to extend the range of angles capable of measurement by 
the survey sextant by a fixed amount of 90 

The Double Sextant.- The Double Sextant was designed for 
taking three points and other shore bearings. 

This instrument consists of a whole circle with a 5 or f>-inch arc, 
htted with two indices, two index mirrors with one over the other 
in the middle of the circle. The horizon glass is placed on the edge of 
the circle and is .silvered top and bottom witli a clear cut in the 
middle to observe the central object. The indices are fitted with 
clam]) and tangent .screws and read to 10". A handle is fitted in 
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the middle of the circle over the centre work. Captain Lecky has 
described this instrument in his Wrinkles. 
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Tlie double sextant can 1.)e used for liarbour sur\cv and river 
work and has proved a most valuable instrument in all work where 
speed, accuracy and ])ortability are required. 

Star Globe.- - A Star Globe was introduced some years' ago by 
Lieut. English, K.X. The globe is about 8 inches diameter, pivoted 
in a brass ring or meridian at the North and South Poles. The brass 
meridian is graduated from o'" at the celestial equator to qo'" at either 
pole. The degrees on this meridian corresponding to the latitude 
must be brought directly under the zenith, or its complement on to 
the horizon. In north latitude the North Pole mu.st be elevated, and 
in south latitude the South Pole. 

On the equinoctial or celestial equator of the globe the hours 
of time are marked in Roman figures from the first point of Aries, 
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which is 0 hours to 24 liours, to tlie eastward right round the globe. 
To lind the sidereal time at any desired moment the quantity R 
(ccjual to tlic right ascension of the mean sun 12 hours) tabulated 
in the Nautical Almanac, ac(‘elerated for tlie mean time at (keenwich 
(G.M.T.) at the time of observation, must be added to the mean time 
at the local ])lace (L.M.T.). 

Having thus found the sidereal time required, turn the globe 
round till this time on the ec|uinoctial comes directly under the 
brass meridian. The instrument is now' set for the time and latitude 
and every star is in its proper position above the horizon, and its 
altitude and true bearing ( an be measured by the graduated and 
vertical circles. 

The Artificial Horizon is used for making ol:)servations on shore 
and for .school work. It is a highlv reilecting |)lam surface in a truly 
liorizontal pexsition. Mercury or any viscous liquid |)r(jtected from 
tht‘ wind ( an be u.scd. 

The angle between an object and its rellection from the artificial 
horizon is double the altitude of the object fnmi the obsc'rver’s 
sensible horizon, therefore if the former be measured with the 
.sextant and the reading halved, the result is the observed altitude 
of the object. 

Su])posc a ray from a star be rellccted from the mercury of an 
artificial horizon to the eye, the direct rays from the star to the eye 
will fall in the direction of the dotted line. 'I'he small place between 
the eye and the mercury is insignificant in comi)arison with the 
distance of the star, therefore the rays falling on the eye and on the 
mercury respectively may be considered parallel. The reflected 
image of the star wall a]>pcar to the ob.server in a continuation 
behw the mercur\' of the straight line betw’cen the eye and the 
artificial horizon. 

Now^ the angles of incidence and reflection A and B are equal, 
the opposite angles B and C are equal. 

.'.A C~2B^^2A , and .since the rays from the star to the mercury 
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and from the star to tlie eye are practicalJv parallel, the angle D~~A 

+ C^2A. 

Tlie most reliable form of the artihcial horizon is the shallow 
trougli containing mercury covered by a roof in whit'h are framed 
two carefully ground plates of glass whose pianos arc approximately 



at right angles to each other and at an angle of about 45' to the 
surface of tlie mercurx'. The glasses should be parallel and marked 
with the certificate of the National Physical Ivaboratorw A bottle 
of mercury is supj)lied with this instrument, 

A new form of horizon has been introfluced into the Royal Navy, 
which consists of a shallow trough of metal gilt. Tliisis amalgamated 
after getting the surface absolutely clean and free from grease, by 
wetting it witli a few drojis of dilute suiihuric acid and then rubbing 
into it a drop of mercury until the whole surface is bright, when a 
very small quantit\' of mercury added will flow evenly and form a 
horizontal surface. 'I'lie dro]) is wiped off with a broad camel-hair 
brush. A bubble is suj^plied with this form as tlie trough is mounted 
on three adjusting .screws. 

Captain George’s horizon consists of a circular iron trough 
containing mercury on which a disc of glass with parallel faces 
floats. It is portable and convenient to use, but unless care be 
exercised when placing the glass on the mercury, and unless the 
latter be fairly pure and clean, ratlier large errors, (juitc unsus- 
pected by the observer, may be introduced. Before floating the 
glass a piece of thin paper should be placed on the mercury, the 
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glass should then be put on and lightly pressed while the paper is 
carefully withdrawn. 





These horizons arc fitted with a glass lid which screws on the 
top of the trough, and a cin'iilar cistern is attached into which 
the mercury runs when not in use. I'hree levelling screws arc also 
fitted to the frame. The chief advantage of this horizon is tliat the 
whole surface of horizon is axailable for observation. 
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Another form of horizon consists of a plane mirror which is 
adjusted horizontally by means of a spirit level, such an instrument 
being very cheap and portable. 

The Station Pointer is a \'ery useful adjunct of the sextant for 
coasting or nautical .surveying. It consists of three brass arms 
mounted radially to the centre of a divided circle. The centre arm 
is fixed at zero, the two outer arms, one left and one right, move 
round the circle, and can be clamped at any angle from the centre 
leg. The circle is divided to half degrees, and the divisions are cut 




THE STATION POINTER 


S5 


on the I)rass or on a silver arc let into the brass, in which case 
verniers are su])plied to read to minutes, with a tangent screw for 
setting the arms more exactly. The diameter of the circle is usually 
b inches. The centre is made with a large hole in the middle to 
allow of tlie exact position of the centre point being marked with a 
pricker or ])cncil. 'fhe arms are (hamfered, and it is most 
important tliat two should meet together and the other arm be as 
close as possible to zero. Lengthening pieces are supplied and a 
magnifying glass for reading the vernier. 
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A full description of the ])rinciplc and use will be found in the 
Admiralty Manual on the station pointer. There are a number of 
very cheap and useful forms of station ])ointer. 

A number of instruments have been devised to solve the naviga- 
tional triangle mechanically, but owing to the great precision 
required in manufacture to give the necessary degree of accuracy, the 
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cost has hitherto prevented tJieir general use b\' marine navigators. 
There is little doubt but that the required solution can be carried 
out very much more quickly by such a means than by tlie more 
laborious methods adopted by the mariner, and the rapid strides 
made in long distance aviation have caused a demand for such 
speedier methods. 

The Hagner Position Finder is a small, compact instrument of 
high precision, which may be considered a miniature celestial 
sphere. It consists principally of a horizon plane, declination arc, 
latitude arc, altitude arc and hour angle circle. 
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The horizon plane carries the altitude arc, azimuth circle and 
spherical level bubble. 

In the centre of the level bubble mounting is located J-inch 
diameter cinde which is the geometrical centre of the instrument 
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and corresponds to the observer’s position on the Earth when making 
an observation of the celestial body. The graduated azimuth circle 
rotates inside the horizon circle whicli, when the instrument is 
properly set, gives the azimuth of any heavenly body siglitcd. 

The declination arc is graduated in degrees and pivoted at the 
North and South Poles of the finder frame. Thus, when the declina- 
tion of the observed body is set on this circle, the motion of the 
bod\’ across the heavens can be followed by rotating this arc. By 
reading the hour angle circle which indicates the angular position 
the exact longitude can be determined. 

'file latitude arc is a part of the horizon plane and is at all times 
perpendicular to it. When proper settings arc made, the e\a.(T 
latitude of the place of observation can be read directly from the 
graduated arc. At noon when the sun is at the zenith, the jilane 
of the declination arc and the plane of the latitude arc are one and 
the same plane. 

Tlie altitude arc. is mounted on the horizon circle and has its jilane 
perpendicular to it. When the position finder is properly sighted the 
observed altitude of any body can be read directly. 


z 



A clearer conception of the Hagner position finder and its 
operation inay be obtained from a comparison of the schematic 
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drawing in Figure 36 and the j)lK)tograj)h of llic instrument. Figure 
36 shows the conventional spherical triangle P M Z, the plane of the 
horizon \ Q S, and the celestial equator E 1 ) Q. 

P is the elevated pole, M is the position of the observed celestial 
body, Z is the zenith of the navigator, and i is the hour angle (H . 1 ) 
of the observed ('elcstial body. The arc P M is tlie (‘o-dcclination of 
1 he obser^'ed celestial body and is commonly called the polar distance. 
The arc Z M is the co-altitude of the observed body and is known as 
the zenitli distance. Tlie arc P Z is the co-latitude of the observer. 
Arc M I) is the decimation of the observed bod\\ areZ E represents 
the latitude of the navigator and arc M A is the altitude of the 
observed ])ody above the horizon. The arc PZ S represents tlie 
u])j)er portion of the meridian of the navigator and the arc P D 
reprt'sents the hour circle of the obser\'ed body. 

The data shown in Figure 3!) are graphically represented on the 
instrument as follows: 

A' () S is represented by the Hat plate of the instrument that 
carries the bubble and its outer rim is graduated in azimuth. 

P is represented by the elevated pole of larger semi-circle that 
carries the hour angle .scale. M is re])resented by the index of the 
rider wliicli is mounted uj)on the larger semi-circle that is graduated 
for declination. Z is represented by the 90 degrees graduation on 
the smaller semi-circle that is graduated for altitude. 

The arc P M is represented by that portion of the larger semi- 
circle between the elevated pole and the rider set to the declination 
of the observed body, when the hour angle of the observed body is 
set on the hour angle scale of the instrument. 

The arc M Z is represented by that portion of the smaller .semi- 
circle betwwn the elevated pole and the rider set to the declination 
of the observed body, when the hour angle of the observed body is 
set on the hour angle scale of the instrument. 

The arc P Z is represented by the imaginary meridian of the 
navigator betw^een the elevated pole of the larger semi-circle and 
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the QO° degree graduation on the smaller semi-circle, when the 
latitude of the navigator is set on the latitude scale of the 
instrument. 

The design of the Hagner }X)sition linder is such that the 
instrument can be attached to a tripod when used on the ground. 
If used in a l)oat or airplane it can be mounted on a girnbal mount 
or held in the hand, A 2.5 volt, No. i Mazda bulb for illuminating 
the level bubble at night, is located inside the hand grip. Current 
for this bulb is received from a 1.5 \'olt dry ('ell Ixitterw 

The Willis Altitude Azimuth Tnstrument, the Spherotrigonometer 
and the Kaster Spherant arc in.stniments designed on similar lines 
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to the Hagner, and these are all extremely accurate instruments 
when used by an experienced navigator. 

The Bygrave Position Line Slide Rule is designed to solve the 
navigational triangle by splitting it into two right-angled triangles. 
The instrument is of the circular slide rule tyi)e, and consists of three 
concentric tubes, tin; smallest carrying a long spiral scale of logar- 
ithmic tangents. The middle tube carries a spiral scale of logarithmic 
cosines, whilst the outer tid)e carries two pointers. By a suitable 
arrangement of the formula*, settings can be made on the slide rule 
.so that the ('alcnlations can be done in a ('ontiiuious form, tin* result 
obtained being the diita nece.ssary foi' plotting the position from 
observation of a cekcstial body, namely, the calculated altitude and 
the a.'^imuth. See Fig. j/. 
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